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particle size (5) and has been designed specifically for 
use in a ventilator circuit. The SPAG, a larger model, 
is currently used for the administration of the antiviral 
agent ribavirin in infants with bronchiolitis; it has been 
recommended for use in both volume-cycled and pres- 
sure-limited ventilation (4). The Pulmosonic is an ul- 
trasonic nebulizer also used for bronchodilator ther- 
apy, Three units of each nebulizer were used in this 
study, apart from the MAD2, where only one unit was 
available. 

Nebulizers were inserted into a ventilator circuit 
(Fig. 1). No humidifier was present in the circuit as 
the nebulizers themselves achieved humidification. 
The ventilator was a Neovent 90 (Vickers Medical, 
Basingstoke, UK), a pressure-limited, time-cycled de- 
vice. Smooth-walled reusable ventilator tubing was 
used, with right-angled ET tube connector and shoul- 
dered 3.5-mrn ET tube (Portex, Hythe, UK). Aerosol 
was collected in a filter (Aerosol Medical, Colchester, 
UK) impinger system inserted at the tip of the ET tube 
just proximal to the rubber test lung (Drager, Hemel 
Hempstead, UK). 

Aminophylline (25 mg/ml) was used as the nebulized 
substance, because an accurate assay was available-. 
Nebulizers were each loaded with 4-rnl aminophylline 
solution, except for the SPAG, which required a 100- 
ml fill of aminophylline solution. After ventilation, 
aminophylline was eluted from the filters with 10 mi 
of sterile water, and levels were measured using high- 
performance liquid chromatography (Applied Chro- 
matography Systems, Luton, Beds, UK). The filter col- 
lection system was validated by double elution of a 
single filter, and by comparing aerosol deposition in 
two filters attached in series at the end of the ET tube. 

Ventilation was performed for 5 min in each experi- 
ment at 20/2 cm HA inspiratory/expiratory ratio of 
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Fig. 1. Circuit diagram. N, nebulizer; V y ventilator, F } filters on 
inspiratory and expiratory limbs; IF, impinging filter, RL t rubber 
model lung. Aerosol deposited on the impinging filter was eluted and 
measured. 



1:1, and respiratory rate of 30 breath/rnin. This pro- 
vided a 1 tidal volume (Vt) to the rubber test lung 
and a minute ventilation of 450 ml. Gas flow for the 
circuit was provided entirely through the nebulizer for 
the Ultravent (8 L/min), Acorn (8 L/min), MAD2 
(6 L/min, maximum flow possible), and SPAG (8 L/ 
min). The SPAG was also used at the recommended 
flow rates of 6 L/min, both with and without the one- 
way valve (4) and. at this setting, an additional gas flow 
of 2 L/min was provided to the ventilator circuit in the 
conventional manner. The drying chamber gas flow 
was adjusted to zero in the SPAG, as recommended 
(4). With the Pulmosonic nebulizer, gas flow at 8 L/ 
min was provided in the conventional manner since 
the nebulizer produces aerosol by ultrasonic piezoelec- 
tric crystal oscillation, rather than by gas jet flow. 

Each nebulizer was connected at the circuit to a T- 
piece 24 cm from the ET tube connector. Nebulizers 
were weighed before and after each period of use to 
determine output, without correction for evaporation. 
In the case of the SPAG, which is a sizable piece of 
equipment, the reservoir flask alone was weighed. Each 
individual nebulizer was studied on three occasions, 
except for the SPAG models and the single MAD2, 
which were studied on five occasions each. 

Nebulizing a Suspension 

An identical experimental circuit was used, except 
that budesonide suspension (500 ng/m\) was used 
in place of aminophylline and that only the Acorn, 
Ultravent, and MAD2 nebulizers were studied. Filters 
were eluted with ethanol; analysis of deposited bude- 
sonide was performed (Draco Laboratories, Lund, 
Sweden). Each nebulizer type was examined on five 
occasions. 
Aerosol Size 

Aerosol mass median diameter (AMMD) was 
measured using a laser particle sizer (2600. Malvern 
Instruments, Malvern,. UK). Aminophylline (25 mg/ 
ml) was used as the test subsiance. Nebulizers were 
drivencat flow rates identical to those described above. 
AMMD was measured both at the nebulizer exit port 
and at the tracheal end of an ET tube after the aerosol 
had passed through a T-piece, ventilator tubing, and 
connector to represent the particles presented to the 
model lung. During measurements, the aerosol was 
released 2 cm from the laser beam. AMMD for each 
individual nebulizer was studied on three occasions, 
except for the MAD2 (n - 5) and the SPAG nebulizers 
(n* 10). 

RESULTS 

Nebulizing a Solution 

A second elution of the filter yielded 10.7% of the 
first elution (n = 5). A second filter, connected in series 
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DISCUSSION 
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oaS 0 ' 5 ' ^"f r fl U iS dear that appropriately sized 
particles can be delivered during ventilation ' 

Aerosol delivery in mechanically ventilated adult 
Patients is significantly lower than in spontaneously 
breathing adults (6). Animal models simulating ffi 

i hus, a nebulizer producing submicronic particles eave 

^ -ep^on rates than other standi* 

^ers (7), while a small particle size was observed to 

!n?r^ *™ deposirTn 

In a rubber bag model, alteration of frequency and W 
but with a constant minute ventilation, produced no 
cnange in aerosol deposition rate (8). 

Most neonatal units employ pressure-limited, time- 
cycled ventilanon with a continuous-flow circuit This 
circuit necessitates different strategies for introduction 
ot a nebulizer from those employed with volume-cycled 
vem J]atJ0 rj lcss synchronizcd ne5u[lMt]0 / j ™ 

UJ> considerable amounts of aerosol are lost m the 

ZuvZT il0W ' Theref ° re ' * 15 ap P arent aerosol 
delivery during pressure-limited ventilation will be less 

emcient than in volume- preset, time-cycled ventilation 
Aerosol particle size also seems to be of great signif- 
icance in determining delivery of aerosol (7) Particles 
deposit in three main fashions: impaction (particles >5 
/w), sedimentation (particles from 1 to 5 ^ and diffusion 
(submicroruc) (9). Each of these mechanisms tends to 
operate m a different lung region such that impaction 
tends to occur at the carina and other junctions sedi- 
mentation in smaller airways where the flow is de- 
creased, and diffusion in alveoli. A proportion of sub- 
micromc aerosol will behave as a gas and will be exhaled 

fT?n U ^T5 int ° C ° ntaCt Wlth «Pi«ory lining 
(9). Increased flow rate wilj increase the tendency of 

^^Jf^T t0 imPaCt (9X ExCeSS mUCU5 in **va* 

H 0 ) AM "r i ° aer0S0! PrCSCnted t0 the airways 
{101 All of these factors should be considered when 



No. of 
Observations 



Ultravent 

Acorn 

MAD2 

SPAG* 

Pulmosonic 
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9 
5 
15 
9 



a At 6 L/min with 



one-way valve in situ. 



Arainophylline per 
Filter (rag/5 min. 
mean ± s d) 

0.054 ±0.015 
0.38 ± 0.09 
0-37 ±0,11 

0.026 ±0.015 
0.22 ± 0.20 



Output 
tmJ/min) 

{%) 



0,18 
0.34 
0.19 
0.14 
0.28 



Proportion of Aerosol 
Deposited on Filter 
{%) 

0.22 
0.88 
1.52 
0.15 
0.60 



Table 2. Nebulize of a suspension (budesonide) 



No. of 

Obzrvations 



Ultravent 

Acom 

MAD2 



Budesonide per 
Filter („g/5 min, 
mean ± sd) 



Output 
(ml/min) 

{%) 



0.2 ±0.01 
9.0 ± 0.2 
17 ±0.2 



0.14 
0J7 
0.25 



Proportion of Aerosol 
Output Deposited on 
Filter (%) 



0.06 
1.08 
2.72 
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Table 3, Aerosol mass median diameter (^) 





No. of 


At 


At 




Observation* 


Nebulizer 


ETT 


Ultra veni 


9 


1.8 


1.2 


Aconi 


9 


• 4.5 


1.3 


MAD2 


5 


2.1 


1.9 


SPAG" 


10 


6.8 


9.5 


Pulmosonic 


9 


6.4 


2.9 



Proportion 
of Aerosol 



94 
93 
82 
60 
66 



' At 6 L/min with one-way valve in situ. 



Tabu- 4, Nebulizer efficiency index (ml/mm) 0 



Ultra vent 


0.0004 




Acorn 


0.OO28 




MAD2 


0.0024 




SPAG' 


0.0001 




Pulmosomc 


0.00 It 





3 Rate of delivery of solution, as particles <4 to the model lung. 
b At 6 L/min with one-way valve in situ. 

attempting to assess aerosol delivery in ventilated 
infants. 

Deposition of aerosol in the infant lung may differ 
from deposition on our filter both in terms of total 
volume and regional deposition. The use of radioaero- 
soi would provide a good measure of aerosol dose 
delivered, and of distribution, but ethical considerations 
preclude the use of radioisotopes in infants. An alter- 
native strategy might be to nebulize a substance which 
can be measured subsequently in urine or blood and 
which is harmless or even potentially beneficial to 
infants. However, the variable ventilator requirements 
and difference in lung pathology from infant to infant 
would seriously restrict attempts to compare different 
nebulizers. Accordingly, we feel that our filter mode!, 
although in some respects an inadequate representation 
of human lungs, offers a useful model for nebulizer 
comparison. 

One potential problem encountered in this route of 
therapy is malfunction of pressure relief valves due to 
precipitation of solute crystals, leading to pneumotho- 
rax. Gas may flow backward through the inspiratory 
limb when jet nebulizers are used, and therefore, not 
only expiratory (4), but also inspiratory limb filters, 
may need to be used. One-way valves in inspiratory 
limbs have been suggested (1 1) but these would cause 
dangerously high pressures during inspiration. 

A further potential problem is the low temperature 
of aerosol presented to the infant. Previous experience 
suggested a decrease of up to 20'C airway temperature 
can be expected during a 10-min nebuhzation period 
with a jet nebulizer that may in itself have significant 
effects on airway function. However, ultrasonic nebu- 
lizers do not cause this cooling effect. Use of a heated 
wire within the inspiratory limb may prevent this prob- 
lem but will alter particle size by evaporation. 



When nebulizers are used in ventilator circuits as the 
mam source of driving gas, small but significant adjust- 
ments may be required in the pressure settings. Of the 
nebulizers studied, only the SPAG would add signifi- 
cantly to the deadspace of ventilation; this might lead 
to blunting of the "square wave" of pressure, leading to 
reduced Vt especially at high rates. None of the other 
nebulizers would affect the pattern of ventilation. 

The raining out of aerosol phenomenon may lead to 
fluid trickling down the ET tube with consequent pres- 
entation of the drug as a liquid rather than aerosol. This 
may be minimized by the use of a nebulizer with a low 
AMMD and by maintaining an appropriate gradient 
on the inspiratory line between nebulizer and infant. 
Under these circumstances, the amount of fluid loading 
with nebulizers should not materially affect lung func- 
tion or fluid balance, being a maximum of 2.7% of the 
nebulizer output, in our studies (Tables 1 and 2). 

The Acorn achieved the highest NEI. It is cheap, 
widely available, and simple to use. The change in 
AMMD from nebulizer orifice to ET tube tip is re- 
flected in a moderate degree of raining out of the aerosol 
in the ventilator tubing. The Acorn had the highest 
output of the nebulizers studied, which allows for rapid 
aerosol administration. 

The MAD2 also achieved a high NEI. It is not yet 
commercially available but may prove extremely use- 
ful. This prototype has the advantage of being reusable; 
however, we found it to be particularly prone to clog- 
ging if left without cleaning, presumably due to the 
small size of the gas and fluid orifices. 

The Ultravent produces a relatively monodisperse 
aerosol with a low AMMD. Although it had a low NEL 
the small particle size will theoretically allow good 
penetration of particles to the lung peripheries. It is 
convenient to use, but currently only available with the 
radioaerosol kit. . 

The SPAG 2 is already used widely for ribavirin 
administration in children with acute viral bronchioli- 
tis It can be used in ventilator circuits "where special 
expertise is available" (12). It is cumbersome and com- 
plicated to set up. There was considerable variation in 
particle size between the three models studied, in con- 
trast to published reports (4). Moderate amounts of 
raining out occurred, and the SPAG 2 achieved the 
lowest NEI of the various nebulizers studied. As yet. its 
use is limited to ribavirin administration, and the poor 
showing in our study may well have some bearing on 
the controversy currently surrounding ribavirin efficacy 
(13). However, it has the unique advantage of being 
able to nebulize large quantities of drug over long 
periods. 

Ultrasonic nebulizers have several advantages. No 
gas flow is required to produce the aerosol. This means 
that it can be inserted into a ventilator circuit without 
adjustment of the ventilator settings, and without the 
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problems associated with retrograde gas flow in the 
inspiratory hmb. It is reusable, readily available, and 
does not produce airway cooling. However, the output 
is variable ( 1 4) and the particle size tends to be relatively 
large and heterodisperse. This results in a low NEI and 
copious raining out. Ultrasonic nebulizers working at 
higher frequencies are being introduced; they may offer 
a more appropriate particle size (15), 

The nebulization of a suspension resulted in a 
marked difference in efficiency between the MAD2 and 
the Uitravent. The latter barely delivered any budeson- 
ide to the filter. Presumably, this is because the particle 
size ofbudesonide in the suspension was considerably 
larger than the AMMD produced by the Uitravent; 
accordingly, only a small fraction of the drug could be 
aerosolized. This finding is of considerable significance 
in the choice of nebulizers for delivering suspensions. 
To maximize the output, the nebulizer AMMD should 
approximate to, or be greater than the mass median 
diameter of the particles in suspension. 

Although nebulizers in our model all have a relatively 
tow efficiency of aerosol delivery to the filter, it is 
nevertheless apparent that it is possible to use the 
inhaled route of therapy in the neonatal setting. Several 
authors U 6, 1 7) reported the efficacy of bronchodilators 
in infants ventilated for bronchopulmonary dysplasia; 
and work is currently in progress on the use of nebulized 
disodium cromoglycate solution and topical steroid 
suspensions in newborn infants. Careful selection of 
appropriate nebulizers and attention to the specific 
circuit adjustments required could see the emergence 
of the inhaled route of therapy in ventilated neonates 
as a major advance. 
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